Abstract Japan annually produces 2.4 million tons of potato on 79,700 ha. There are four cropping seasons stretching from 24°to 45°N: a winter crop at Okinawa, spring and autumn crops at Kyushu and southern Honshu, and a single summer crop at Hokkaido. Using the crop growth model LINTUL-POTATO-DSS, actual yields were compared with potential yields. The spring and summer crop yields of all prefectures varied from 10 to 43 t ha −1 and were 16 t ha −1 on average (not weighted by area); the actual/potential yield ratio varied between 0.21 and 0.63 and was 0.40 on average (not weighted). Actual and potential yields of the autumn crops were half those of the spring crops. Actual yields of the Hokkaido summer crops in 21 years decreased from 35 to 32 t ha −1 because of a change of varieties whereas potential yield remained stable at 56 t ha −1
Introduction
Potato was first introduced to Japan (Nagasaki in Kyushu, the southern region of Japan) from Europe via Indonesia by traders of the Netherlands in about 1600 (Kawakami 1948; Uchida and Taguchi 1943) . It may have been Solanum tuberosum ssp. andigena, since the introduction date was just after the introduction of potato from South America to Europe. It spread to the northern regions of Japan and was cultivated before the middle of the eighteenth century at Hokkaido. At the end of the nineteenth century, many potato varieties bred in Europe and the USA were introduced to Japan which were considered to be Solanum tuberosum ssp. tuberosum. Due to its south to north location ( Fig. 1) , potato is grown year-round, as a winter crop free from frost in Okinawa and a summer crop free from heat in Hokkaido. Between the two extremes, some prefectures grow a major spring and a minor autumn crop. Figure 2 schematically shows the main potato-growing prefectures and the period with an average daily temperature window between 10 and 20°C. Although this period indicates a theoretically suitable season for potato growth, growers do not always follow it. In some regions, many growers advance planting dates by covering ridges with plastic film to heat the soil and sometimes covering whole plants with plastic film to reduce the temperature decline in the night (Fig. 3) . Other reasons not to follow the temperature optimum for growing potatoes may be favourable market prices at premature harvest, the onset of the rainy season in June and July with unacceptable risks of late blight infection and also the need to evacuate the field for the next crop, mainly rice.
Almost 80% of the total potato production takes place at Hokkaido on farms of about 30 ha with about 5 ha of potato (Hokkaido Government 2015) . Most of the work is mechanized except picking up behind the windrower at small farms.
Since 1887, the largest area of potato was cultivated in 1949, with an area of 235,000 ha with a yield of 11 t ha −1 (MAFF 2010) . Since then, the production area was reduced at Honshu and Kyushu but remained fairly stable at Hokkaido where yields reached 41 t/ha in 2003. Presently, the total nationwide area is 79,625 ha with a total production of 2.4 million tons (Table 1) . Hokkaido, with the highest yields, has 66% of the national area under potato but 78% of the national production. Kanto and Kyushu spring crops have the second highest yields of around 22 t ha , thus producing 1700 t per year. Table 2 shows the destination of the domestically produced crop and imports based on fresh potato equivalent. Over five decades, the total amount of potato consumption did not change much: table potato and starch decreased, while processed potato consumption as chips and French fries increased strongly. In 2010, 31% of processed potato was produced in Japan. In 2010, the bulk of starch production of 745,000 t went to starch for industrial and food usage, and 429,000 t was processed, mainly into crisps besides salads, frozen croquettes and French fries. Since the population of Japan is 127 million, potato consumption per capita in 2010 is 16.4 kg per year, of which 5.7 kg is fresh table potato.
As shown in Table 3 , the most popular variety of table potato is Irish Cobbler (Danshaku-imo in Japanese) with 22% share in the total potato area, followed by May Queen. Of the starch potato varieties, Konafubuki with 19% of the total potato area is the most popular. Astarte and Early Starch are also grown in areas affected by potato cyst nematodes because of their tolerance. Of the processing potato varieties, Toyoshiro is the most popular with 11% of the total planted area.
There are five potato breeding sites, three public ones organized by the central government and prefectures at Hokkaido and Nagasaki and two private ones operated by Hokkaido Agricultural Cooperative at Naganuma and the processing company Calbee at Nemuro at Hokkaido. Konafubuki was specifically bred for starch production. For local crisp production, Toyoshiro was bred and is used specifically for processing into crisps and French fries. The occurrence of golden potato cyst nematodes (Globodera rostochiensis) was first reported in 1972 (Mori et al. 1994 ), but recently, also invasion of white potato cyst nematodes (G. pallida) has been reported .
Basic seed production is also mainly publicly funded through eight stations for rapid multiplication followed by an efficient cut-off system with a limited number of five field generations (Kawakami et al. 2015) . Fig. 2 Approximation of the lengths of the growing seasons in autumn and spring in different prefectures, defined by daily average temperatures being between 10 and 20°C. Between brackets: degrees latitude north (after Kurihara et al. 1963) . Okinawa is inserted by the authors of the present article The aim of the study presented here was to compare actual and potential yield levels of the different production areas in Japan. The study should allow benchmarking the yield gaps of the various areas and seasons within the country. Special attention was given to the various potato-growing districts at Hokkaido. Also, as a second aim, the yield gaps observed in Japan were to be compared with those of other potato-growing regions of the world such as Europe, South Africa and North America. Thirdly, by assuming a 2°C temperature increase and a 45% increase of the CO 2 concentration as is often predicted (e.g. IPCC 2013), the modelling exercise aimed to explore the repercussions of climate change for potato production at Hokkaido. 
Material and Methods
For the comparison of potential yield with actual yield, the crop growth model LINTUL-POTATO-DSS was used. Potential yields are the yields that can be calculated assuming that there are no abiotic limitations-water and nutrients-to the growth and there are no biotic factors-weeds, pests and diseases-that reduce growth. The model assumes that the sprout growth rate is 0.7 mm (d°C) −1 and that the crop needs 650 d°C from emergence to reach full ground cover. The radiation use efficiency (RUE) in LINTUL-POTATO-DSS is 1.25 g dry matter per MJ intercepted radiation or 2.5 g dry matter per MJ intercepted photosynthetically active radiation (PAR). RUE is dependent on temperature. It linearly increases from 0 to 1.25 from 3 to 15°C, stays at 1.25 from 15 to 20°C, and linearly decreases to 0 from 20 to 28°C. The length of the crop growth cycle exactly matches that of the length of the growing season; when the crop is dead, 75% of all dry matter produced during the growing season is assumed to be allocated to the tubers (the harvest index (HI) = 0.75) and 25% to the foliage which is at its maximum at mid-season. The model also has routines for tuber dry matter concentration and tuber size, but in the present study, the dry matter concentration was fixed at 0.20 for all varieties and all regions and the tuber size is not discussed because no data were used on tuber quality characteristics. The model is also able to calculate water-limited yields' so-called Battainable^yield under rain-fed conditions. Since in all prefectures and in the case of Hokkaido in all districts precipitation exceeded evapotranspiration (ETP), this routine was not activated in any model calculation.
For the calculations, we used monthly averages of minimum and maximum day temperatures and of daily solar radiation and monthly total amounts of rainfall and ETP. The data were long-term, 10-year averages, coinciding with the length of period for which the yield data were obtained. Data per prefecture came from the MeteoCrop DB (2015) database of the National Meteorological Institute that uses data based on meteorological stations and the AMeDAS (2015) system: AMeDAS (Automated Meteorological Data Acquisition System), commonly known in Japan as BAMeDASu^, is a high-resolution surface observation network developed by the Japan Meteorological Agency (JMA) used for gathering regional weather data and verifying forecast performance. The system began operating on November 1, 1974, and currently comprises 1300 stations throughout Japan with an average separation of 17 km (AMeDAS 2015, literal citation). In this study, data of AMeDAS was used to analyse the wide range of Japan. This database could not be used for trends of solar radiation in time as over the last 20 years, the system employed to calculate solar radiation from hours sunshine per day was changed three times (Dr. Hiroyuki Shiga, personal communication). Therefore, trends of solar radiation in time are discussed only for sites where meteorological stations exist and solar radiation was actually measured: Abashiri, Hakodate and Obihiro at Hokkaido. Table 4 shows the weather data input for the model. Since LINTUL-POTATO-DSS calculates yields on a daily base, daily weather data were calculated from monthly average meteorological data. The monthly mean was assumed to be the value on the 15th of each month, and the daily weather was calculated through interpolation. Table 4 shows examples of the single summer crop in Abashiri at northern Hokkaido, of the double cropping area of Honshu at Nagasaki and of the winter crop near Naha at Okinawa. The weather data in italic figures indicate the approximate months of the cropping seasons from planting to harvest.
The annual potato cultivation area and its yield data were collected from the national statistical database of which we only used data for 10 years between 2004 and 2013 because using longer time series increases the risks of a bias by trends such as the use of plastic mulch, improved crop protection or the appearance of potato cyst nematodes and common scab (Streptomyces scabies, S. turgidiscabies and S. acidiscabies). The planting and harvest dates were from NARO (2010) for the prefectures and from the Hokkaido Government (2015) for the ten districts of Hokkaido.
For analysis of correlation, the Pearson correlation coefficient (r) is used.
Results and Discussion

Results of the 47 Prefectures
The name and the number of each prefecture are shown in Fig. 1 and Table 5 . Per prefecture, the average dates of planting and harvesting by the growers are shown in Table 5 , both of the major spring and of the minor autumn crops. The average day and Table 4 Long-term average weather data of three potato-growing regions in Abashiri in northern Hokkaido (44°N, 1993-2013) , Nagasaki at Kyushu (33°N, 2005 Kyushu (33°N, -2014 In italic: approximate cropping season Tmax = daily maximum temperature (°C), Tmin = daily minimum temperature (°C), Rad = daily global solar radiation (MJ m
), Prec = monthly total precipitation (mm), ETP = monthly total potential evapotranspiration (mm) It is obvious that, although a spring (including a summer) crop of potato is grown in all prefectures, Kyushu with Nagasaki (2988 ha) and Kagoshima (3751 ha) and the ten districts at Hokkaido (54,240 ha) are the main centres of cultivation. At higher latitudes, notably as of 36°N, the area of autumn crop is negligible and has not been reported in some years.
The highest actual yields (Fig. 4) are recorded in the potato-growing districts of Hokkaido (number 1), followed by Ibaraki (8), Shizuoka (22), Nagasaki (42) and Kagoshima (46). In many prefectures, the average yields are well below 15 t ha , and the actual/potential ratio on average is 0.35 (not weighted for area). The potential yield at Kumamoto (43) is the second highest because of the long growing season, but the modest actual yield of 20 t ha −1 is due to the great variation in growing conditions (site and dates) here. Miyagi (4) has the lowest potential yield, 32 t ha
, with the actual yield being half of this, because of the short growing season. Growers here harvest potato much earlier than in the neighbouring prefectures (Table 5) because they give priority to rice. Growers at Nagasaki (42) achieve the highest yield in southern Japan and also the highest actual/potential yield ratio. It is due to the reason that growers here apply optimal inputs and operations. Figure 4 also shows the actual and potential yield data of the autumn crops. Only in 21 out of 47 prefectures an autumn crop is planted every year. The main planting month is September, and the figure also includes the winter crop at Okinawa where the planting month is November. The average potential and actual yields of the autumn crops are substantially lower than those of the spring crops. The average actual yield of the autumn crops, not weighted by acreage, is around 12 t ha
, and the actual/potential ratio on average is 0.37, similar to the ratio in the spring season. Fukuoka (39) has the lowest actual and potential yields of the autumn crop with only a two and half months' growing season. Outside Hokkaido, Nagasaki (42) had the highest spring crop yield and also the highest yield Nr = number (location, see Fig. 1 ), Pla = day of year of planting, Har = day of year of harvest, Lat = latitude°N , Lon = longitude°E, Alt = altitude above sea level (m), Tav = daily average temperature (°C), Rav = average daily solar radiation (MJ m
of the autumn crop. The higher actual and potential yields of the spring crops than those of the autumn crops are caused by the higher temperatures, often too high for optimal RUE, lower solar radiation and a shorter growing season of the autumn crops. Actual and potential yields of the winter crop at Okinawa are comparable to those of the autumn crops in the other prefectures. The relationship between actual and potential yields is shown in Fig. 5 both for the spring and the autumn crops. From the r value of 0.414, an r 2 value 0.172 was calculated. Although the relationship was significant, The r2 value indicates that 17% of the variation in actual yield is accounted for by variation in yielding ability. Potato growers in the prefectures outside Hokkaido have many reasons to give priority to the main crop rice and to harvest potato prematurely if favourable prices can be fetched for potato as a vegetable. We hypothesized that there would be a positive correlation between latitude and actual yield as the yields in the northernmost areas of Japan are the highest. However, this is not confirmed in Fig. 6 . The significant r value of 0.38 is merely due to the influence of the single dot of Hokkaido. The figure shows three groups of yields: the first group is the autumn crops of low yields with a slight tendency towards lower yields at higher latitudes, partly caused by a shorter growing season going north, with an r value of −0.49 (p ≤ 0.05) (line not shown). The second group is the spring crops at the prefectures south of Hokkaido with no correlation to latitude at all with an r value of 0.15. The third group is represented by the high-yielding districts of Hokkaido which has ten main potato-growing districts, represented by one single dot in Fig. 6 . The yields of these districts of Hokkaido are out of range of those of the other prefectures, indicating the reason why almost 80% of all potatoes grown in Japan is produced in this northern region; its yield levels are treated in the next section.
According to the correlation matrix in spring potato which excluded Hokkaido and Okinawa (Table 6 ), the planting and harvest dates are strongly correlated with latitude: the further north, crops are planted (r = 0.84) and harvested (r = 0.79) later in the season due to frost risks after emergence. The strong correlation between latitude and longitude stems from the shape of the country from Okinawa to Hokkaido in a northeast direction. The high, positive correlations of the average temperature with latitude, planting and harvest dates are somewhat unexpected. Apparently, going south, the climate allows a time slot for a rice crop and the growing season of a spring potato crop results in avoiding relatively high temperatures. At higher altitudes, the crop is harvested later which also leads to a greater value of radiation × number of growing days. Growth duration is correlated positively with potential yield but is associated with lower average daily radiation since longer seasons have more days with early spring short photoperiods. Actual yields increase with potential yields as was also shown in Fig. 5 . The autumn crop shows similar but less outspoken tendencies (not shown) within general negative values for the first two rows indicative of less favourable conditions at higher latitudes. The length of the growing season is mainly determined by the later harvest date which is obvious from the r = 0.43 but does not lead to higher yields because of the negative relation between growth duration and average daily radiation (r = −0.35).
Results of the Ten Potato-Growing Districts of Hokkaido
This section focuses on the ten main potato-growing districts of Hokkaido (Fig. 1) . Table 5 shows the weather data during the 5 months of the growing season from May to September, averaged over the 21-year period. The coolest district of Hokkaido is Teshikaga, with 14.3°C similar to Nakashibetsu, and the warmest district was Esashi being 4°C warmer. Teshikaga and Nakashibetsu also have the lowest amount of solar radiation, around 12.7 MJ m −1 d −1 , whereas some districts such as Abashiri have an almost 25% higher solar radiation level. Precipitation in all districts is higher than ETP.
The location, season, planting and harvest dates were also recorded (not shown), and the length of the growing season that can be derived from it is shown (GD). GD varied from 119 to 139 days. The total area cultivated with potato in the ten districts decreased from 12,679 to 10,781 ha over the 21-year period. In some districts, the area remained stable while in others, it declined strongly depending on the agricultural system of each Research (2016) 59:207-225 district. For example, in Nakashibetsu, with dairy farming, potato production decreased in favour of maize for feed. The actual yields of the ten districts (Table 8) in Hokkaido on average have declined from 35.2 to 32.2 t ha −1 , a 8.2% decline whereas the current potential yield of 55.9 t ha −1 has not noticeably been altered over the 21-year period. The main reason for the yield decline is the change of variety. With the replacement of the low dry matter starch variety Benimaru (about 16% of starch concentration) with the high dry matter starch variety Konafubuki (about 22%), starch yields went up but the fresh yields went down. In addition, cultivation of varieties suitable for processing into crisps and fries has increased considerably despite their lower yields (but a higher price) compared to starch varieties. Some districts in northern Hokkaido suffer from potato cyst nematodes which reduce yields, and resistant varieties such as Early Starch and Astarte have lower yields than Konafubuki. In addition, some southern districts harvest earlier for market reasons.
The potential yields are highest in Abashiri because of its long growing season and high radiation and lowest in Teshikaga because of its low radiation level ( Table 7) . The column A/P shows that on average, 62% of the potential yield is actually obtained but that this percentage varies from Hakodate with 52% to Abashiri with 68%.
The trends in time of actual yield, potential yield and A/P ratio in Abashiri are shown in Fig. 7 . No significant effect of year on the potential yield was found but a significant decline in actual yield of 0.48 t ha −1 per year. In Obihiro (figure not shown), the other main centre of production, yields declined by 0.28 t ha −1 per year because of the gradual replacement of a starch variety by a crisp variety. Table 9 shows the correlation matrix of the ten districts at Hokkaido. The further north, the later are the harvest dates, the higher the actual yields and the actual/potential yield ratios and the lower the average daily temperatures. The lower temperatures In italic: radiation data actually measured at the site, not from the AMeDAS database Nr = number of district (Fig. 1) , Tav = average daily temperature (°C), Rav = average radiation (MJ m
), GD growth duration (d), A1 = average potato area (ha) 1993-1995, A2 average potato area (ha) [2011] [2012] [2013] significantly negatively influence the planting and harvest dates. The earlier harvests in Date and Hakodate are not due to a shorter growing season but mainly growers follow the market. The actual/potential yield ratio declines with higher average temperatures during the growing season. This was not due to high temperatures having a negative effect on RUE but because going south, the potential yield is not much affected by latitude (r = 0.29) whereas the actual is (r = 0.83), as discussed above, for economic reasons. At Hokkaido, the relationship between actual yield (y) and potential yield (x) is y = 0.52x + 6.21 (r = 0.55); for the 46 prefectures without Hokkaido (Fig. 5) , it was y = 0.22x + 6.72 (r = 0.41). The slopes 0.52 versus 0.22 are indicative of the proportion of the potential that is actually achieved: much more at Hokkaido than in the rest of the country.
The values of columns A in Table 8 apply when the current average planting dates are inserted. If the earliest possible planting date and latest possible harvest date are inserted, the potential yield on average moves from 55.9 to 68.7 t ha −1 , a 25% increase. The actual proportion of potential then declines to 0.50 with large variation among sites. In the main potato region of Abashiri, extending the growing season maximally leads to a yield increase from 66.1 to 78.8 t ha −1 equivalent to 16% increase. Exploring the repercussions of the climate change, an increase in temperature of 2°C leads to a decrease of the potential yield on average of all districts from the current 55.9 to 53.1 t ha −1
. Especially, Esashi and Hakodate that already now have high summer average temperatures of over 18°C will suffer many more days with average temperatures above 20°C with negative impact on radiation use efficiency. The coolest district Teshikaga, however, with average temperature of only 14.3°C benefits from higher temperatures with a potential yield increase from 48 to 52 t ha −1
. Extending the growing season by 2 weeks, one in spring and one in autumn, leads to a potential yield increase average for all districts from 53.1 to 59.9 t ha −1
. Especially, Date and Kutchan that have relatively short seasons (Table 7) benefit more than average. With an estimated yield increase of 28% in potato associated with a CO 2 concentration of These findings are much in line with those of Haverkort et al. (2013) who predicted similar yield increases in the partly rain-fed and irrigated summer crops in South Africa. This conclusion, however, deviates from a scientific report on the impact of global warming on agricultural productivity in Hokkaido (Agricultural Experimental Station 2011). That report using an IPPC scenario concludes that potato yields will decline by 15% in 2035, not because of a 1.8°C temperature increase but due to a 15% decrease in solar radiation. BAn extended growing season, with an advanced planting date will not compensate for this decrease in yield^. The report did not, however, touch upon the favourable effect of the increase of CO 2 on crop production as we did in our calculation. Furthermore, there was no reduction of incident solar radiation over the last 21 years when we analysed the AMeDAS data, being indicative of no decline in the future. So, our findings do not corroborate the lower yields associated with a lower radiation level at Hokkaido (Agricultural Experimental Station 2011) but show that the extended growing season does compensate for a yield reduction caused by a higher temperature and that the fertilizing effect of CO 2 leads to an expected yield increase of about 28% compared to current yields by 2050 (Table 9) .
To benchmark the Japanese potato production and yielding ability against some other systems, it is essential to use the same calculation method. Therefore, recent studies which applied the LINTUL-POTATO-DSS model were analysed and compared. Where certain data such as the length of the growing season is not mentioned in ), A/P = ratio of actual potential yield a Figure 4 and Table 7 b Haverkort, A J. unpublished, the calculations were done for the present publication c Haverkort et al. (2014) d Haverkort et al. (2013) e Molahlehi et al. (2013) ,* f Svubure et al. (2015) the publication cited, the original data on which the publication was based, were consulted. The results are shown in Table 10 . Although the average temperature and solar radiation during the growing season in Hokkaido and Kyushu are comparable, the actual yields of 45 and 28 t ha −1 differed much due to the difference in the length of the growing season of 144 and 92 days. At Okinawa, with lower input levels, the ratio was substantially lower. The potential yields in the table are mainly affected by the length of the growing season and solar radiation. The two sites in the Netherlands, although they have the same level of technology, show a large difference in the A/P ratio. This is due to the lower water holding capacity of the low-yielding site. The difference within the USA is due to whether irrigation was applied or not. In South Africa, growers in the group of advanced industrial production achieve the lowest A/P ratio due to erratic weather patterns. Still larger yield gaps relative to the Netherlands and USA are shown for the other countries with lower levels of technology. Although actual yields will increase associated with increased CO 2 concentration (Table 8) , a still substantial further increase of the actual/potential yield ratio in Hokkaido is not expected due to the law of diminishing returns expressed by Von Liebig (1855): relative yields may still increase somewhat but its value will be less than the cost of the added input so it will depend on the price of the crop or of its input.
Concluding Remarks
The comparison of actual and potential yields has shown that the yield gap varies considerably between the various production sites in Japan. The spring crop in Nagasaki and the summer crops at Abashiri and Obihiro of Hokkaido, where growers largely depend on potato for their income, all have A/P ratios above 0.60, but many prefectures, especially in the Kansai region, have low actual yields and achieve often less than one third of the potential. The crop here only minimally contributes to the farm income as is also reflected in the low occurrence of the crop here: a few hundred hectares per prefecture. The present findings also shows that there is a reason to explore the origin of the yield gap that may be attributed to the propagation material (variety, seed rate, age and health) and crop management (soil, fertilization and crop protection) because the other factors such as climate, planting and harvest time are accounted for by the current crop growth model. Higher yielding potato cyst nematode-resistant varieties, lengthening of the growing season and the beneficial effect of increased CO 2 may reverse the present trend of decreasing yields at Hokkaido. A competitive advantage that all Japanese production regions have over most other regions in the world is the abundance of precipitation during the growing season making costly irrigation redundant.
